Phage X is an inducible temperate phage which provides an interesting model for study of the regulation of gene expression. When it infects a sensitive cell, the phage either enters the vegetative state where it multiplies actively and produces mature phage, or it enters the prophage state where it is incorporated into the bacterial genome and replicates with it.' In the vegetative state, the genetic information carried by the phage is expressed. In the prophage state, the only genetic information which is known to be expressed is that of the C2 region, which makes the lysogenic cell immune to homologous superinfecting phage. The prophage can be induced to enter the vegetative state and produce phage.
They suggested that the C1 region of X directs the synthesis of a repressor which, by virtue of its affinity for certain sites on the X chromosome, blocks the transcription of regions of the chromosome into messenger RNA. In these terms, the X repressor controls the expression of most of the X genes, and induction of the prophage to undergo vegetative development is the result of inactivation or removal of the repressor. Immunity of the lysogenic cell to superinfection is due to repression of the superinfecting X chromosome. Since X messenger RNA synthesis is the proposed point of regulation by repressor, expression of the X genes should lead to increased levels of X specific messenger RNA. The experiment of Attardi et al. 3 showed that following induction of a lysogenic culture, the X messenger RNA levels were substantially elevated, compared to the uninduced levels. In this experiment, it is likely that there was an increase in the number of X copies per cell, and it is therefore possible that the changes seen are due to an increasing gene dosage.
The present series of experiments are designed to study X messenger RNA levels in various phases of the life cycle of X. The chief questions asked are: (1) Do prophage genes function to produce messenger RNA in the uninduced state? (2) How does the level of messenger RNA change when the prophage is induced to undergo vegetative development? (3) How do messenger RNA levels change as the result of infection of a sensitive cell? (4) How are the changes seen in infection modified by immunity of the lysogenic host to the superinfecting phage?
In these experiments, the criterion for X-specific messenger RNA was H3-RNA which formed an RNase-resistant hybrid with denatured X DNA. The H3-RNA-DNA hybrid was detected by the membrane filter technique of Nygaard and Hall. 4 The results clearly show that induction of a lysogenic cell and infection of a sensitive cell lead to striking elevations in X messenger RNA levels. Furthermore, comparison of X messenger RNA levels following infection of sensitive and immune cells demonstrates a striking effect of immunity on messenger RNA levels under conditions where the number of X gene copies per cell is the same.
Materials and Methods.-Strains and media: The bacterial strains used in these experiments were E. coli W3104 of Lederberg,6 and a thymine-requiring derivative of strain C600, obtained from Dr. David Pratt. Lysogenic derivatives were prepared by plating wild-type X on these strains, and picking a lysogenic survivor from the center of one of the turbid plaques. Wild-type X, the CI clear mutant XC71, phage 434, and phage 434 hybrid were obtained from Dr. A. D. Kaiser.6 7 The Xv used here also was obtained from Dr. Kaiser, who calls it 5-50. It was derived from strain Xi, of Jacob, which carries the V2, v3, and V4 markers.6 Phage stocks were prepared from lysogenic cells induced with mitomycin C, 1 jAg/ml, except for XC71 and Xv, which were obtained by growth and lysis on strain W3104. The phage were purified from lysates by differential centrifugation.
DNA from X phage was prepared by phenol extraction of phage concentrates which had been purified by CsCl density gradient centrifugation.8 Purified T2 DNA was prepared by phenol extraction of phage which were concentrated by differential centrifugation. E. coli DNA was prepared by the method of Marmur,9 followed by phenol extraction to eliminate RNase.
Denatured DNA from these preparations was prepared by heating to 100°C in 0.02 M KC1 for 15 min, and chilling by transferring abruptly to a dry-ice alcohol bath.
The growth medium used in all experiments was a mineral salts medium'0 supplemented with glycerol and Difco casamino acids to 0.2 and 0.25% final concentrations, respectively. Thymine, 50 ug/ml, was added in experiments on C600.
Pulse-labeling with H3-uridine and isolation of H3-RNA: In all pulse-labeling experiments, 100 ug of uridine containing 0.5 mc of H3-uridine (New England Nuclear Corp.) was delivered to a 200-ml portion of the culture. The pulse was terminated 2 min later by addition of 100 ml of cold growth medium (2°C) lacking glycerol and casamino acids, and the culture was cooled further by swirling for 2 min in an ice-alcohol bath. Then the cells were harvested by centrifugation at 7500 rpm in the Servall GSA head for 10 min. In experiments on uninfected cells,-the culture was grown to a final titer of 3.5 X 108 cells/ml, and then pulse-labeled with H3-uridine. In induction experiments, mitomycin C was added to a final concentration of 1 jAg/ml when the culture growing logarithmically had reached a final titer of 3.5 X 10'/ml and the H3-uridine was delivered to portions of the culture at intervals after the mitomycin C addition. Cultures to be infected were grown to a final titer of 3.5 X 108 cells/ml, harvested by centrifugation, and washed once with 1/2 vol of medium lacking glycerol and casamino acids. The cells were suspended in 1/10 vol of 0.01 M MgSO4, at 2°C, and phage were added to a multiplicity of 5 phage per bacterium. After 20 min at 2°C, adsorption was greater than 95% complete, and the cells were diluted into the original volume of prewarmed complete medium. The point of dilution into warm medium was considered zero time, and the infected cultures were pulse-labeled with H3-uridine at intervals following dilution into warm medium.
The method for isolation of the H3-RNA is a modified version of the hot phenol technique of Scherrer and Darnell."1 The sedimented cells were resuspended at 4°C in 4 ml of 0.02 M potassium acetate buffer, pH 5.2. To this was added 0.5 ml of 25% sodium dodecyl sulfate (Mallinckrodt), and 0.5 ml of a 2% suspension of Macaloid (the Inerto Co., San Francisco, Cal.). After 15 mi at 0°C, 1 ml of 0.5 M potassium acetate, pH 5.2, was added, and the 125-ml screwcap flask containing the cells was transferred to a 60°C bath. Immediately, 6 ml of 60°C phenol (saturated with water at 2°C) was added over 30 sec, and the mixture shaken at 60°C for 3 min with a wrist-action shaker. The mixture was then chilled for 1 min in an ice-alcohol bath at approximately -10°C. After the phenol and aqueous layers were separated by centrifugation at 8000 rpm for 10 min, the aqueous layer was removed by pipette. The extraction was repeated two additional times, adding 0.4 ml of 2% Macaloid and 5 ml of hot phenol. The aqueous layer from PROC. N. A. S. the third phenol extraction was stored frozen. The following day, the aqueous layer was passed over a 1 X 50-cm column of Sephadex G-50 at 40C, which was equilibrated with "hybridization buffer." This pH 7.3 buffer contains the following final concentrations: NaC1, 0.5 M; trisodium citrate, 0.02 M; Tris-HCl, 0.01 M; and K-EDTA, 0.001 M. The RNA was located by its UV absorption at 260 mp, and the RNA-containing fractions were pooled. The RNA concentration based on UV absorption, assuming 1 O.D. unit equals approximately 43 jig, agrees with the RNA concentration based on the orcinol reaction. 12 This RNA preparation contains no DNA detectable by diphenylamine reaction. Evidence that the radioactivity present is indeed in RNA is prowided by the fact that the radioactivity is TCA-insoluble, but is rendered TCA-soluble to greater than 99% by incubation with 1 jig/ml of pancreatic RNase in a 1:100 dilution of hybridization buffer for 1 hr at 370C. It is also solubilized to greater than 99% by incubation in 0.3 N KOH for 18 hr at 370C, which excludes the possibility that a significant portion of the radioactivity is present as DNA.
The hybridization assay was based on that described by Nygaard and Hall.4 Each reaction mixture contained 5 mg of RNA, 50 jig of denatured DNA, and hybridization buffer to a final volume of 1 ml. This mixture was incubated in a stoppered tube for 24 hr at 60'C, and then cooled to room temperature. The mixture was then diluted to 10 ml with hybridization buffer, and 5
,ug/ml of pancreatic RNase (Sigma) was added. After 10 min at 370C, the mixture was filtered through a 27-mm nitrocellulose membrane (Schleicher and Schuell), which had been presoaked for at least 10 min with hybridization buffer. After washing the filter with 40 ml of hybridization buffer, the filter was dried and counted in a liquid scintillation counter. The result was expressed as the per cent of the total radioactive RNA which forms an RNase-resistant hybrid retained by the filter. Under these assay conditions the amount of hybrid formed with a given H3-RNA preparation is proportional to the amount of H3-RNA added. The concentration of DNA used is a saturating one for X DNA in the X mRNA assay. E. coli DNA is not saturating at 50 ,ug/ml in the assay for E. coli mRNA, and the amount of E. coli hybridizable HI-RNA measured is an underestimate of the total hybridizable material. Higher concentrations of E. coli DNA were not used because this slowed the filtration following incubation to the point of impracticality.
Results.-(1) X mRNA levels in lysogenic and nonlysogenic E. coli: A low level of X hybridizable RNA is found in nonlysogenic uninfected E. coli. Table 1 (lines 1  and 3) shows the amount of H3-RNA from nonlysogenic cells which hybridizes with T2, X, and E. coli. DNA. The fraction of H3-RNA which hybridizes with X DNA is consistently higher than the amount found with T2 DNA. Since a significant portion of the X chromosome is homologous with regions of the E. coli chromosome (estimates vary from 10 to 30%),1 14 this small difference may mean that these regions of the E. coli chromosome function to some extent to direct mRNA synthesis in the nonlysogenic cells. The results in Table 1 (lines 2 and 4) indicate that in lysogenic strains of E. coli, which were derived from the nonlysogenic strains used " 60' after induction 0.00 11.4 6.4
Cultures of the strains indicated were given a 2' pulse with H3-uridine, and then H'-RNA was isolated as described in Materials and Methods. Mitomycin C (1 psg/ml) was added to induce phage development in W3104 lysogenic for wild-type X, written W3104 (X) in the here and therefore differ only in that they carry the prophage X, the fraction of H3-RNA that hybridizes with X DNA is about twice that found in nonlysogenic cells. A similar result was found by Attardi et al., using the agar column technique. 3 The most likely interpretation of this result is that at least some prophage genes function to direct mRNA synthesis. However, as will be seen later, the levels of X mRNA found in lysogenic cells are at least 20-fold lower than the levels found immediately after X infection of a sensitive cell. Thus it appears that expression of the prophage chromosome is very limited in terms of mRNA. Either few prophage genes function or, if all prophage genes function, they do so to a very limited extent.
Since the C1 region responsible for immunity is the only prophage region known to function, the small level of X mRNA in lysogenic cells may represent C1 mRNA.
The last column of Table 1 shows the results of incubation of the H3-RNA preparation with E. coli DNA. Such an incubation was always run simultaneously as a positive control. In this case, it demonstrates that the RNA preparations are comparable with regard to E. coli mRNA levels.
(2) Changes in X mRNA levels when the prophage in lysogenic cells is induced to undergo vegetative development: The prophage normally is replicated with the bacterial chromosome and fails to produce mature phage. A variety of agents and treatments induce vegetative development of the prophage with the production of approximately 100 mature phage particles per cell. Table 1 (lines 5, 6, and 7) shows the alterations in X mRNA levels produced by induction with mitomycin C.15 One sees a barely detectable increase in X mRNA level at 30 ruin. However, by 50 min, the mRNA level is dramatically increased. Lysis begins at approximately 70 min. This rise in mRNA level confirms the result of Attardi et al.3 who showed with the agar column technique that the X mRNA level is elevated over the uninduced level when a heat-inducible mutant of X is exposed to elevated temperatures. However, since induction leads to DNA replication with nearly a 100-fold increase in the number of X copies present, the increases seen in the present experiments and in those of Attardi et al. could as well be explained by gene dosage, as by a change in X) mRNA levels related to derepression of areas of the X chromosome which were inactive in the uninduced state. This type of experiment alone does not distinguish between these two possibilities.
(3) X mRNA levels seen in infection of nonlysogenic cells: E. coli not lysogenic for X was infected with either wild-type X (X+) or with a virulent mutant of X (Xv), which infects both lysogenic and nonlysogenic cells with the same plating efficiency. Since Xv lyses every cell it infects, the changes following infection are not complicated by any effects lysogenization might produce.
(a) Infection with Xv: The top curve of Figure 1A presents the results from infection of nonlysogenic cells with Xv. One sees that as early as one can measure the level of X mRNA by a 2-min pulse (i.e., 0-2 min), X mRNA is found at 30-40 times the level seen in uninfected cells. This elevated level persists for nearly 20 min and then it rises still further to a level nearly fourfold higher than the earlier level.
To determine whether protein synthesis is required to produce the elevated levels of X mRNA seen in Xv infection, phage adsorption was carried out in the presence of chloramphenicol (25 ,g/ml), and the infected cells were diluted into warm media containing the same level of chloramphenicol. Two-min pulses terminating at 2, PROC 
MINUTES AFTER ADSORPTION
ceived a 2-min pulse of H'-uridine terminating at the times indicated. RNA then was isolated and hybridized with denatured X DNA. For each point the per cent of the radioactive RNA in RNase-resistant hybrid is plotted. The uninfected level represents the X mRNA level found in H3-RNA isolated after a 2-min pulse of H3-uridine in a culture to which no phage were added. (B) Effect of immunity on X mRNA levels in X wild type (X+) and X virulent (Xv) infection. The experimental conditions were exactly as in (A), except that a lysogenic derivative of W3104 was used as host strain.
12, 22, 32, and 42 min gave 3.5, 3.4, 3.2, 4.0, and 3.7 per cent of the total H3-RNA in X mRNA, respectively. The elevated levels seen early in infection are therefore not changed by chloramphenicol. This indicates that no phage-induced enzyme is required to produce the X mRNA made early in infection. However, the late burst to a much higher level in the absence of chloramphenicol is not seen in its presence. This means that the transition from the level of mRNA seen early in infection to the levels characteristically seen late in infection depends on a step which is chloramphenicol-sensitive, i.e., it presumably requires protein synthesis.
Whether early mRNA and late mRNA represent expression of the same or different genes in X infection is not yet known. This information should help one decide whether chloramphenicol prevents the large increases seen late in infection simply by inhibiting DNA replication,'6 thereby preventing the normal increase in the number of X templates for RNA synthesis, or whether chloramphenicol has a more specific effect, such as inhibiting synthesis of something which induces late X functions.
The H3-RNA samples from uninfected cells and from every time point shown in the top curve of Figure 1A were hybridized also with E. coli denatured DNA to estimate the level of E. coli mRNA. The results varied only between 5.8 and 6.7 per cent; there is almost no difference in level of E. coli mRNA between uninfec ted cells and cells at any time after infection up to lysis. This indicates that host mRNA continues to be made at a substantial rate until very late in infection.
(b) Infection with X+: The elevated level of X mRNA found at the earliest time in X, infection is found also in the case of X+ infection, as shown in the lower curve of Figure 1A . However, later time points after X+ infection are clearly different from Xv infection. This undoubtedly reflects the competition between the lytic and lysogenic response. In the X+ infection shown, 80 per cent of the cells became lysogenic, and only 20 per cent lysed in contrast to the 100 per cent lytic response after Xv infection.
(4) The effect of immunity on the X mRNA levels seen following infection of lyso-genic cells: E. coli lysogenic for X was infected either with X+, to which it is immune, or with Xv, which does not respect the immunity of the lysogenic cell.
(a) Infection with X+: A cell carrying a prophage is immune to lysis by a homologous phage. The homologous phage adsorbs to the lysogenic cells and injects its DNA, but the DNA fails to replicate.' 17 The following experiment was designed to determine how the immunity of the lysogenic cell affects the X mRNA levels following superinfection.
One sees from the bottom curve of Figure lB that immunity strikingly prevents the increase in level of X mRNA that was found after infection of nonlysogenic cells. Since the number of X copies present initially is solely determined by the multiplicity of infection, which was the same in X+ infection of lysogenic and nonlysogenic cells (lower curves of Fig. 1A and B) , the result suggests immediate repression of nearly all of the X chromosome at the gene level in the immune cell. Actually there is am proximately a doubling over the uninfected level of X mRNA, and this may be due to expression of the CI region of the superinfecting phage.
The effect of immunity on X mRNA levels following infection was shown to be specific, since there was an immediate 20-fold increase in X mRNA level when cells lysogenic for 434 or 434 hybrid were infected with X+. These phages, though closely related to X, do not render their hosts immune to X.7 The results will be reported in detail separately. The lag in X mRNA seen in the present experiment, however, indicates that X, is sensitive to the repressor but has the means of overcoming repression.
When protein synthesis is blocked by chloramphenicol, the X mRNA level after X, infection of lysogenic cells never rises above its initial low level. Thus in 2-min pulses of H8-uridine terminating at 10 and 30 min, the radioactivity in X mRNA was 0.2 per cent of the total HI-RNA. This suggests that protein synthesis is required for Xv to lead to elevated levels of X mRNA in the immune cell. Since the elevated level of X mRNA found immediately after infection of nonlysogenic cells is not blocked by chloramphenicol, it is likely that the protein or proteins required in infection of lysogenic cells are specifically involved in overcoming repression of the Xv chromosome. The virulent behavior of Xv could thus be explained if the mutation(s) in Xv allow it constitutively to synthesize one or more proteins which lead to overcoming repression of the Xv chromosome. Discussion.-It is clear from these studies that expression of the X genome is correlated with increased levels of X mRNA. Induction or infection leads to high levels of X mRNA. The uninduced prophage produces very low levels of mRNA, and genetic evidence suggests that it is controlled by its own immunity region. The product of this region is also responsible for immunity to homologous superinfecting phage. These studies provide evidence that the immune state prevents any large increase in X mRNA level following superinfection. This immediate and dramatic effect of immunity on X mRNA levels could most simply be explained if the repressor acts at the level of X mRNA synthesis, as suggested by Jacob and Monod.2 However, the results do not entirely exclude an alternate hypothesis which could explain changes in X mRNA levels by a mechanism which varies the rate of destruction of mRNA. 19 The virulent mutant of X used in these studies appears to be initially repressed with regard to X mRNA levels when it infects a lysogenic cell. However, it can overcome this repression unless protein synthesis is blocked. This suggests that X, directs the synthesis of some protein early in infection even though the mRNA level is only slightly increased, and that this protein or proteins are able to destroy or remove the repressor, so that high levels of mRNA are subsequently formed. These results could be explained if X normally carries information for a repressordestroying enzyme, and Xv is constitutive for this enzyme. There is presently no direct evidence of such a X function. The results could also be explained by the postulate that X,, though most of its chromosome remains repressed, is capable of constitutively directing synthesis of the proteins required for DNA replication.
Thus, initially low X mRNA levels would rise to high levels when the number of X, copies exceeded the level of free repressor. That one can overcome the repression of the immune cell by infecting with an excess of X copies was shown by Jacob et al.20 Summary. X mRNA levels are very low in cells lysogenic for X, but increase to very high levels following induction. Infection of sensitive cells with X + and Xv produces an immediate marked increase in X mRNA levels. In the case of XA, infection there is a transition to still higher levels late in infection; the early increase after Xv infection is not blocked by chloramphenicol, but the late burst to a high X mRNA level is chloramphenicol-sensitive. The Numerous reports have appeared which compare the attachment of amino acids to sRNA by homologous and heterologous activating enzymes.5 6, 810 In the case of methionine and leucine, the partial charging of E. coli sRNA that occurs with a heterologous yeast activating enzyme has been physically resolved. It has been shown that there are multiple methionine and leucine sRNA's in E. coli and that only some of these can be recognized by the yeast enzyme.5' 6, 9 The specificity of the multiple sRNA's in polynucleotide-stimulated polypeptide synthesis has also been investigated.1'-3 In the case of leucine, an ambiguous and several redundant mRNA codons have been suggested:14 15 U2C,1" C2U, U2G, and U3. Weisblum et al."1 have found two distinct leucine sRNA's which correspond to the UC-and UG-containing templates, and have suggested that there is a unique sRNA corresponding to each template codon for a particular amino acid. In a highly redundant or degenerate code, there should be multiple sRNA's, each
